The predictions of gyrokinetic and gyro uid simulations of ion-temperature-gradient (ITG) instability and turbulence in tokamak plasmas as well as some tokamak plasma thermal transport models, which have been widely used for predicting the performance of the proposed ITER tokamak, are compared. These comparisons provide information on e ects of di erences in the physics content of the various models and on the fusion-relevant gures of merit of plasma performance predicted by the models. Many of the comparisons are undertaken for a simpli ed plasma model and geometry which is an idealization of the plasma conditions and geometry in a fusion-reactor-relevant (DIII-D) experiment. Most of the models show good agreement in their predictions and assumptions for the linear growth rates and frequencies. There are some di erences associated with di erent equilibria. However, there are signi cant di erences in the transport levels between the models. The causes of some of the di erences are examined in some detail, with particular attention to numerical convergence in the turbulence simulations (with respect to simulation mesh size, system size and, for particle-based simulations, the particle number). The implications for predictions of fusion plasma performance are also discussed.
INTRODUCTION
We examine the physics basis and predictions of some tokamak plasma thermal transport models which have been widely used for predicting the performance of the proposed ITER tokamak. 1] This topic is of considerable importance and current interest since di erent models in use give con icting predictions on whether ITER will or will not achieve thermonuclear ignition. 2, 3, 4, 5, 25, 6] The con nement in current tokamak experiments is generally believed to be degraded primarily by turbulence driven by \low-frequency" microinstabilities (instabilities occurring on drift timescales). The disagreements in Refs. 2]-6] about predictions of ITER performance arise from using di erent models of drift-instability-driven transport, which can be distinguished in terms of their treatment of the detailed physics of microinstabilities.
In order to build con dence in predictions of tokamak plasma performance, the models used need to be tested. Here we rely on tests involving cross checks between a number of complementary models. A minimal condition for con dence in this case is agreement between the models where they can be compared under the same physical conditions. Where models disagree, a clear understanding of the reasons for the disagreements is important. This may take the form of knowledge that one of the models is being applied outside of the range of validity of a derivation that underlies it. Even when this agreement is achieved, there is generally no guarantee that the set of models will have predictive power, once applied outside the range of physical conditions for which they have been tested.
This evaluation process presents a great scienti c challenge. These models are complex and contain many physical e ects. The predictions of the models should be compared at various levels, not only at their nal prediction, which is often a radial pro le (e.g., density, ow velocity, temperature), but also at the level of comparison of the various submodels, theories and calculations.
In this paper we compare core transport predictions from the following: the IFS- PPPL 7, 8] and Multi-Mode (MMM) 9] transport models; ux-tube gyro uid, 10] ux-tube gyrokinetic, 11] and global gyrokinetic 12] turbulence simulations; linear 1D high-n eigenmode and initial-value calculations 13] and their use in transport model calculations. The MMM and IFS-PPPL models are two widely-used transport models for ITER predictions. Also represented here are some of the most advanced large-scale three-dimensional toroidal turbulence simulations, and the most widely used high-n linear and quasilinear calculations. We rst de ne some terms used here. The term \gyrokinetic" refers to a kinetic model (i.e., one which evolves functions of position-velocity phase-space variables and time), appropriate to charged particles in a strong magnetic eld, in which a multipletimescale perturbation expansion in the ratio of the gyroperiod to the timescales of the phenomena of interest is made. 14] When appropriate, such a model is much more e cient than one that tracks the full particle dynamics (including the gyromotion). Gyrokinetic models retain \ nite-gyroradius" e ects (e ects that arise when the scale of the gyro-orbit is comparable to the spatial scale of the phenomena of interest) nonperturbatively. This aspect distinguishes them from \drift-kinetic" models which either ignore or treat nite-gyroradius e ects perturbatively. A \ uid" model of a gas or plasma is one that evolves \ uid variables" which are functions of position and time (and not particle velocity). \Gyro uid" 10] models are a special class of uid models derived from the gyrokinetic equations, which similarly have non-perturbative aspects to their treatments of nite-gyroradius e ects. Those discussed here can be called \gyro-Landau-uid" models since they also contain ( uid) models of Landau damping and related processes.
We present detailed comparisons of the various models using a simpli ed physics problem which still contains the essence of core transport in an ITER-like discharge. A key point of comparison is the predictions of the various models for i , the ion thermal di usivity (ion thermal ux divided by the ion temperature gradient). Disagreements are found between the predictions of di erent models for the ion thermal transport. We examine various possible reasons for the disagreement. Particular attention is paid to linear mode growth rates and frequencies, \zonal" ux-surface-averaged ow damping, and noise due to particle discreteness in the nonlinear gyrokinetic codes. Finally, the implications for ITER performance are discussed.
TEST PROBLEMS
We focus on the \Cyclone DIII-D base case parameter set" which represents local parameters from an ITER-relevant DIII-D shot (shot #81499), 15] at time t = 4000ms., and minor radius r = 0:5a, where a is the minor radius of the last closed ux surface. A concentric-circular-cross-section model equilibrium is used, with n i = n e and T e = T i , where n i and n e are the ion and electron densities and T e and T i are the electron and ion temperatures. The parameter values in dimensionless form are i L n =L T = 3:114, where L n and L T are respectively the density and temperature gradient scale lengths, magnetic \safety factor" q rB t =RB p = 1:4, where R is the major radius and B t and B p are the toroidal and poloidal magnetic eld components,ŝ (r=q)dq=dr = 0:776{0.796 (some minor variations due to constraints in some codes), R=L T = 6:92, and r=R = 0:18.
Additional simpli cations which are made in all models discussed here are (1) electrostatic uctuations, (2) the electrons are taken to be adiabatic, and (3) a single dynamical ion species (which represents the \bulk" ions) is used. Linear stability results from the comprehensive linear gyrokinetic code of Kotschenreuther and from the FULL code which include multiple-ion species and electromagnetic e ects are also discussed. 13] These simpli cations match those in the nonlinear gyro uid simulations that underly the IFS-PPPL model. Scans have been made varying the temperature gradient scale length while keeping other physical parameters xed. Additionally, cases have been compared in which each one ofŝ and were set to zero, with the other parameters held to the DIII-D base case values. The rst helps isolate di erences in the way magnetic shear is treated. The various spatial representations used become very similar in the limit of zero magnetic shear. The second helps isolate the e ect of linear damping of ux-surface-averaged poloidal ows. The shear associated with these ows is an important saturation mechanism and the physics of these modes is under intense study (see further discussion below on radial mode damping).
We also included a case using parameters from TFTR L-mode shot 41309. This was a case used in 1994 in a code comparison within the Numerical Tokamak Project (NTP). 16] These parameter values are i = 4, q = 2:4,ŝ = 1:5{1:6, L T =R = 0:1, and = 0:2057 T e =T i = 1:0. Comparisons are also discussed in which the purely radial modes in this \TFTR L-mode NTP test case" are suppressed. The purpose of running these cases was to verify previous NTP comparisons that showed gyro uid and gyrokinetic values of i which di ered by factors of 2 or less (the gyro uid i was higher). Another earlier gyro uid/gyrokinetic comparison, 17] which looked primarily at slab geometry, found that there was good agreement in the slab i though the saturation level of the RMS di ered by 40%. We also included a case using parameters from the published result of A. Dimits et al., 11] which had parameters similar to the DIII-D base case.
DESCRIPTION OF MODELS
Simulations of a ux-tube sub-domain of the torus which neglect global pro le scale e ects give a nite ion thermal di usivity i and turbulent correlation lengths much shorter than the scale of pro le variation anticipated for ITER. A reasonable conclusion from this is that i depends primarily on local plasma parameters, if ITERrelevant values of the normalized gyroradius i =L n;T are used. 18, 10, 11] Motivated by this, all of the models discussed below with the exception of the global gyrokinetic simulations assume that the simulation domain covers only a thin radial extent compared to the plasma minor radius so that quantities such as the density scale length, (dn=dr=n) ?1 , ! , etc. are taken to be independent of minor radius.
The IFS- PPPL 7, 8] model is based on nonlinear gyro uid simulations, 10] which predict the uctuation and thermal transport characteristics of toroidal iontemperature-gradient-driven (ITG) turbulence, along with comprehensive linear gyrokinetic ballooning calculations, 13] which provide accurate growth rates, critical temperature gradients, and a quasilinear estimate of e = i . A key aspect of the IFS-PPPL model is an interpolation formula which parameterizes both the gyro uid i 's, and calculations of the critical temperature gradients and mixing-length predictions of i from the more comprehensive linear gyrokinetic ballooning code. This linear code 13] has full velocity-space dynamics including resonances, trapped particles, Coulomb collisional pitch-angle di usion, etc. This corrects the somewhat inaccurate critical temperature gradient and the neglect of non-adiabatic electron physics in the gyro uid simulations that were used as a basis for the IFS-PPPL model.
The nonlinear gyro uid simulations 10] that underly the IFS-PPPL transport model use a \gyro uid" reduction of the gyrokinetic equations. The resulting gyro uid equations are evolved in toroidal eld-line-following coordinates. 19] The gyro uid equations include toroidal e ects (e.g., magnetic curvature drive) and kinetic e ects such as toroidal drift resonances, linear and nonlinear FLR orbit-averaging, and parallel wave-particle resonances, as well as nonlinearly generated, ne scale (k r i 0:1), sheared poloidal ows, which play a major role in determining the saturation level for the turbulence. In this paper, we focus on gyro uid simulations with an adiabatic electron response, since this was used in the simulations on which the IFS-PPPL model is based. Gyro uid simulation codes with bounce-averaged nonadiabatic electrons have since been developed and exercised . 20] The philosophy underlying the Multi-mode transport model (MMM) 9] has been to utilize a collection of theoretically-derived transport models to predict temperature and density pro les in tokamak plasmas and adjust the models as necessary. As the models have improved, less adjustment has been needed to t the experimental data. The 1995 Multi-mode model combines the uxes predicted by the Weiland ITG/TEM model 21] with those predicted by the Guzdar-Drake resistive ballooning model, 22] with smaller contributions from kinetic ballooning modes and neoclassical transport. 23] The 1995 Multi-mode model was calibrated against a small number of experimental discharges, and then held xed for all subsequent transport studies. 24] In the simulation of experimental plasmas, the transport predicted by the 1995 Multi-mode model is typically dominated by the contribution from the Weiland ITG/TEM model. This is also the only contribution that is relevant to the Cyclone e ort. The Weiland ITG model is based on a uid description in which all moments that are driven by sources (i.e. fueling, heating) are included self-consistently. The uid moments that are not driven by sources generally decay to zero. The model allows free energy exchange between di erent transport channels, leading to pinch uxes. The transport coe cients are derived by using quasilinear theory and a mixing-length rule for saturation, which takes k s = 0:316. 9] The transport coe cients therefore have gyroBohm scaling. However, they have been found to agree well with some non-gyro-Bohm L-mode and H-mode experimental data. 9, 24, 23] The Weiland model also includes e ects from the impurity pro les, fast ions, and T e 6 = T i , and has been extended to include parallel ion motion 9] and electromagnetic e ects. 21] The IFS-PPPL and MMM models are all basically gyroBohm-scaling models, though non-gyroBohm scalings can enter in several ways, for example, marginal stability connections to edge boundary conditions, change in particle fueling proles or density pro les. 14, 29] (in the electrostatic limit) using particle-based f methods 30, 31, 32] and \four-point gyroaveraging." 29] A single fully toroidal nonlinear gyrokinetic ion species with equilibrium temperature, density, and velocity gradients is used in the comparisons in this paper. Adiabatic electrons with a zero response to the ux-surface-averaged potential 33, 34, 35] are used in the present comparisons, both in the ux-tube gyrokinetic and gyro uid codes. The lack of response of the electrons to the ux-surface-averaged potentials is a key factor in the amplitudes to which these zonal ow modes are driven and therefore to the levels of turbulence and transport seen in the gyro uid 34, 35] and gyrokinetic 33, 36] simulations. simulations. A low-concentric-circular-cross-section model equilibrium is used here.
The ux-tube gyrokinetic simulations (like the gyro uid simulations) use a uxtube domain (bounded by four magnetic eld lines) of small perpendicular extent, which spans one or more poloidal circuits in the parallel direction. The ux tube is taken to be periodic in the toroidal direction, and periodic in the radial direction with a toroidal o set such that a magnetic ux sheet is continuous across the radial boundary. This prevents saturation of the turbulence by pro le relaxation. The eld quantities are de ned on a quasiballooning-coordinate grid. 39] The radial di erences, interpolation, deposition, and smoothing are formed using shapes in conguration space (not ballooning-coordinate space) that are independent of poloidal location. 39] This combination of coordinates and shapes prevents grid stretching and resolution loss in the presence of magnetic and velocity shear, and allows a smooth implementation of the toroidal periodicity condition across the parallel boundary for arbitrary pro les of the magnetic safety factor q(r). It contrasts with the ux-tube gyro uid code which uses direct discretization in ballooning coordinates.
The global gyrokinetic simulations 12] typically use a domain which spans the whole tokamak volume, although simulations using only an inner subvolume or a toroidal annulus have been reported. 40] The eld quantities are represented on a radial-poloidal-toroidal mesh, and a fully nonlinear form of the gyrokinetic equations is solved 41] instead of the partially linearized form of ref . 14] . The important physics that the global codes allow for is the full radial variation of gradient quantities (e.g., temperature and density gradients, magnetic shear, etc.). These e ects are generally stabilizing, but get weaker in larger tokamaks with larger a= . 52, 53, 40] In global gyrokinetic simulations to date the simulation domain is bounded and no explicit modeling of particle or thermal sources sinks is used. Thus pro le relaxation, including kinetic pro le relaxation, in which spatial gradients of ions in subregions of velocity space relax, 33] may occur.
LINEAR COMPARISONS
Figure (1) shows linear frequencies and growth rates as a function of k s obtained from several independent linear and nonlinear codes. Represented are the linear gyrokinetic codes of Kotschenreuther and of Rewoldt (Full code), the nonlinear gyro uid code of Beer and coworkers, and the nonlinear gyrokinetic codes of Dimits ( ux tube) and Sydora (global), as well as the uid code of Weiland. Very good agreement between the various codes is observed. Agreement at this level is an important cross check of the codes since all of the gyrokinetic codes should have the same linear physics (with the exception that the global gyrokinetic code has radial variation of pro le quantities), and since the closure in the gyro uid code is designed to reproduce the gyrokinetic linear responses accurately.
Note that the \GK (Dimits)" gyrokinetic results are from a single ux-tube simulation containing many growing modes. The growth rate for the k i = 0:1 mode has quite a large uncertainty due to several possible known e ects. Since particles in the particle-based simulations constitute a structure that does not have the same periodicity as the mesh, there is linear coupling between di erent modes (both di erent toroidal mode numbers and di erent radial wavenumbers or ballooning angles). This mode has slow time variation (i.e., both the expected ! and are small), and so is slow to reach its time-asymptotic linear behavior and is particularly susceptible to these e ects.
Whether the small di erences in the growth rates shown in Fig. ( 2) are important to the transport depends on the dynamics of the saturated state. If the longer wavelength modes are primarily driven nonlinearly, then these di erences are likely to be unimportant. If the correlation time of the long-wavelength modes is set by their linear growth rates (as is implicit in =k 2 -type mixing laws) which assumes that the nonlinear driving does not set the correlation times, then these di erences may be signi cant since the longer wavelengths dominate if one maximizes =k 2 -type mixing formulas over wavenumber.
Additional points of agreement between the ux-tube nonlinear gyrokinetic code and the linear gyrokinetic code include the linear critical temperature gradients for both the DIII-D base case parameters and for = 0 but with the other parameters as for the DIII-D base case.
A second linear test is based on the linear damping of purely radial modes of the electrostatic potential, i.e., modes which have no variation within a ux surface. A theory for the residual levels of these modes in the collisionless limit has been given by Rosenbluth and Hinton. 42] In this benchmark, the gyrokinetic code is initialized with zero particle weights. A radially sinusoidal potential with no variation within the ux surfaces, which represents a near poloidal E B ow, is imposed. The particle weights evolve, resulting rst in a period of geodesic acoustic oscillations which eventually damp. At late time, the net electrostatic potential is less than the imposed potential. For a circular cross-section equilibrium in the large aspect-ratio limit, the theoretical prediction for the ratio of the late-time net potential to the initial residual level is given as a function 0:6h= ( The linear critical temperature gradient R=L Tcrit has been checked by several di erent codes, and is found to be around 4.0 for this model s ? equilibrium in both the ux-tube gyrokinetic particle code and in Kotschenreuther's gyrokinetic code. It is known that the quantitative details of linear growth rates and critical gradients can be fairly di erent in = 0 s ? model equilibrium (which makes large aspect ratio approximations and has concentric circular ux surfaces) versus a realistic numerically-calculated equilibrium with nite aspect ratio (where even at zero there is still a Shafranov-shift of the ux-surfaces due to the plasma current). 45, 46] For the = 0 s ? equilibrium used in these comparisons, the Full code gives a critical temperature gradient of about 3.7, while for a realistic numerical equilibrium the critical gradients drops to 2. For the DIII-D base case parameters (at R=L T = 6:9), the IFS-PPPL model is a factor of 2.7 larger than the gyrokinetic ux-tube results, and the 1994 gyro uid simulations are a factor of 3.3 higher. Also in Fig.(3) are simulations labelled \98 GF" that employ a recent neoclassical improvement of the gyro uid closure. 43] This improved closure reduces the gyro uid/gyrokinetic di erence to a factor of 2 for the base case, and it is able to reproduce some of the nonlinear upshift in the e ective critical gradient seen by the gyrokinetic code. This improved gyro uid closure, and the possibility of further improved closures, will be discussed more in the next section. The di erences between the i vs. R=L T curves for the ux-tube gyrokinetic code and the IFS/PPPL model can be characterized partly as a shift in R=L Te , which is a strictly linear value in the case of the IFS-PPPL model, and partly that i shows a more gradual increase as the critical gradient is exceeded in the case of the gyrokinetic model. It is important to note that these di erences cannot be characterized by a simple ratio, or multiplication factor. For example, lowering R=LT just a bit from 6.9 to 6 (where the gyrokinetic simulations vanish) causes the relative error to become a factor of in nity. Instead of comparing the predicted 's at xed temperature gradient, it is experimentally more relevant to turn Fig.(3) on its side and compare the predicted temperature gradients at xed heating power. This is discussed in more detail in Sec. (7), where it is shown that the gyro uid/gyrokinetic di erences of Fig.(3) correspond to just a 20-33% di erence in the predicted temperature gradient.
The MMM model result (labeled \Weiland QL-ITG") agrees with the ux-tube gyrokinetic result quite closely for the base case, although comparisons have not yet been carried out for a wider range of parameters. The MMM model also gives a reasonable prediction for the linear R=L Tcrit , though both the MMM and the IFS-PPPL model miss the nonlinear increase in the e ective R=L Tcrit observed in the gyrokinetic simulations.
The MMM model and the t to the gyro uid simulations have a linear scaling for the transport with R=L T ? R=L Tcrit , whereas the gyrokinetic simulations are reasonably well t by a square-root dependence on R=L T ? R=L Te which is of the same form as the IFS/PPPL model. However, the o set-linear Q vs. R=L T t to the LLNL gyrokinetic results is a better t than the best power-law t. The MMM model result agrees with the gyrokinetic results for the base case parameters. The MMM model also gives a reasonable prediction for the linear R=L Tcrit . The global gyrokinetic results are 2.4 times lower the the ux-tube gyrokinetic results for the base case. The global code used the same local dimensionless parameters, a realistic temperature pro le, and a value of =a = 1=160 that is comparable to the actual DIII-D experiment but is somewhat large compared to values achieved in larger tokamaks such as JET or TFTR, and even larger compared to proposed designs such as ITER. Variations of the simulated tokamak size in global gyrokinetic simulations 52, 53, 40] show that = gyroBohm increases as the simulation is made larger. This is consistent with a theoretical picture that radial variation in various pro le and pro le-gradient quantities (e.g., the diamagnetic velocity) introduces stabilizing e ects 54, 55] that get weaker in larger tokamaks. For very large simulation size, the global gyrokinetic simulations are expected to asymptote to the value of chi given by the ux-tube gyrokinetic simulations. Another di erence in the global simulations is that the purely radial mode is coherent, fairly stationary, and has a radial scale comparable to the minor radius, whereas in the ux-tube simulations, the radial modes are at shorter wavelengths (smaller than the box size). Recent studies indicate that this di erence will also go away as the global simulation domain is made larger and the pro le variation weaker. 40, 56] In the DIII-D experiment that the parameters for Fig. (3) were based on, the measured i = 0:16 (in the units of Fig. (3) ) and the measured R=L T = 6:9. This is very low compared to all of the simulations in Fig. (3) , but such a comparison is not very meaningful. This is because the primary purpose of Fig. (3) is to compare di erent simulations with as similar a set of assumptions as possible, so a number of factors that are important in experiments are not included (such as non-adiabatic electrons, equilibrium rotation, and realistic geometry). Several of our simulation methods have been used to study equilibrium-scale sheared rotation, 57, 36] which can be particularly important in DIII-D because of its unidirectional beam injection and resulting high toroidal rotation speeds. For example, while the IFS-PPPL model looks pessimistic compared to the experimental measurement in Fig. (3) , applying the full IFS-PPPL model 51] including a standard model of the stabilizing in uence of equilibrium-scale E B ows 57, 58] gives a predicted central ion temperature which is actually somewhat above the measured temperature. However, there are some quantitative uncertainties in the standard models of stabilization due to E B ow that lead to uncertainties in the predicted temperature pro les of order 10-30%, comparable in magnitude to the 20-33% di erences in the gyro uid/gyrokinetic temperature gradients described above. Some of these e ects are hard to distinguish: comparable levels of agreement with experiments can be obtained with modi ed transport models where the magnitude of the E B ows is reduced while the the coe cient of is simultaneously reduced 25] (the two e ects o set each other somewhat). Nevertheless, there are a wide range of experiments indicating the general importance of equilibrium-scale E B ows on the transport. 59, 60, 61, 62] 6. POSSIBLE REASONS FOR THE DISAGREEMENTS We now address possible reasons for the disagreements between the various nonlinear results discussed above. We focus rst on the di erences between the GK/GF ux-tube simulations. This is important since the gyro uid models are an attempt to approximate the gyrokinetic equations for the problems of interest here, and the physical and numerical parameters have been otherwise matched in the comparisons. The di erences between global and ux-tube simulations have already been discussed.
There are many things that might, in the absence of concrete data, be viewed as possible causes for the di erences found between the GK/GF ux-tube codes. These include di erences in linear growth rates and critical gradients, di erences in the linear damping rates or residual levels of the radial modes, nonconvergence with respect to system size and grid size, nonconvergence with respect to particle number (which may lead to excessive particle noise either in the radial modes or in the modes that have nite poloidal or toroidal variation), and nonlinear wave-particle e ects.
The di erences in linear growth rates and critical gradients have been addressed above for the Cyclone DIII-D parameters and are probably not important.
6.1 Causes of gyro uid discrepancies, and improved gyro uid closures.
As noted above, the original closures used in the gyro uid simulations which underly the predictions of Ref. 2] damp the poloidal ow to zero in most cases, and therefore do not properly reproduce the long-time residual levels predicted by Rosenbluth and Hinton. 42]. This is probably the main cause of the gyro uid/gyrokinetic di erences near marginal stability, and may account for about half of the di erences in stronger turbulence regimes. But there are cases where the gyro uid/gyrokinetic di erences do not appear to be attributable to the di erences in the radial mode linear dynamics. The dependence of i on r=R from gyro uid and gyrokinetic simulations is similar, as shown in Fig. (4) . The residual undamped Rosenbluth-Hinton (RH) zonal ows vanish in the limit = r=R = 0, so any di erences in that limit can not be attributed to those ows. However, the trapped ion drive of the turbulence also varies with r=R, and so this does not completely isolate just the e ect of undamped ows. The simulations in Fig. (4) are for the TFTR-based NTP test case described in Sec. (2), and show a smaller discrepancy, of about a factor of 2, than the Cyclone base case.] However there is evidence that the Rosenbluth-Hinton undamped component of the zonal ows is a signi cant part of gyro uid errors, particularly near marginal stability. The = 0 r=L T ux-tube gyrokinetic simulation scan in Ref. 38] showed that i becomes non-zero once R=L T becomes slightly larger than the linear = 0 critical value. This contrasts with the scan done for = 0:18 (and therefore nite h) in Fig. (3) , which indicates that the undamped Rosenbluth-Hinton ows play a role in the departure of R=L Te from R=L Tcrit . This is further supported by the observation that in the cases where R=L Tcrit < R=L T < R=L Te , radial mode potentials develop stationary structures in which the peak shearing rates are signi cantly greater than the growth rate of the fastest growing ITG modes. Thus, the undamped Rosenbluth-Hinton ows signi cantly a ect the behavior of i near marginal stability.
The Rosenbluth-Hinton (RH) component of the zonal ows are linearly undamped except by collisions. The fact that a non-zero is observed in these collisionless gyrokinetic simulations for R=L T > R=L Te is an indication that nonlinear damping of the RH zonal ows by turbulent viscosity is able to balance the nonlinear drive of these ows. One might expect that the turbulent viscosity would increase as R=L T increases, so that the RH zonal ows would become unimportant relative to the other components of zonal ows when the turbulence is su ciently strong that the turbulent damping rate of the RH component of the zonal ows becomes comparable to the damping rate due to collisionless transit-time magnetic pumping that a ects the other components of zonal ows. However, certain types of turbulence can exhibit inverse cascades, and these issues warrant more study.
As was noted above, more recent nonlinear gyro uid simulations have been completed using improved closures 43] that do allow for levels of RH undamped zonal ows in rough agreement with Ref. 42] . As seen in Fig. (3) , these simulations show a nonlinear upshift in the e ective critical temperature gradient, though not yet as large as the upshift in the gyrokinetic simulations. The improved closure used at present is able to match the RH residual ow to within 20% at k r 0:2, where the dominant contribution to the e ective shearing-rate 44] is usually made, but the residual ow is about a factor of 2 low at very low k r . We plan to look at further improvements of the neoclassical treatment of the gyro uid closures to better match the RH residual ows, which should bring the gyro uid simulations into better agreement with the gyrokinetic simulations in Fig. (3) . Other improvements to the gyro uid model we plan to investigate include frequency-dependent closures. 50, 49] This may be particularly helpful in improving the approximation of the branch cut in the toroidal kinetic response function 47, 48] and in improving the calculation of the linear critical gradient and growth or damping rates of various modes. An improved frequency-dependent gyro uid closure may account for most of the remaining di erence between the gyro uid and gyrokinetic simulations in these collisionless-ion adiabatic-electron comparisons.
Nonconvergence with respect to system size and grid size
We have investigated and demonstrated convergence with respect to system size and grid size for the ux-tube gyrokinetic and gyro uid simulations. For the NTP test-case parameters, this issue has been addressed in the ux-tube gyrokinetic simulations; 11] and the parameters for the DIII-D base case are similar. It was found that an increase in system size in the parallel direction made essentially no change in the simulation ux, while there was only a very weak dependence on perpendicular system size. Similarly, it has been veri ed, both for the NTP test-case and Cyclone DIII-D base-case parameters, that the parallel and perpendicular grid sizes are adequate. The gyro uid simulations have also been tested for and appear to be converged with respect to system size and grid size for the Cyclone DIII-D base-case parameters, though more studies could perhaps be done. A recent port of the gyro uid code to the massively parallel T3E computer will allow convergence checks at signi cantly higher resolution. The comparisons made here between the gyrokinetic and gyro uid simulations were done at similar system sizes, so this is very unlikely to be the cause of the di erence. The use of direct discretization in ballooning coordinates in the gyro uid simulations requires ner grid cells in the radial direction than in the other perpendicular direction if magnetic shear is present. Because of this and the fact that the mesh is explicitly involved in representing the advection of the uid elds, establishing convergence with respect to grid size in the gyro uid simulations has been found to be be more subtle and to impose more stringent limits on the grid sizes in some cases than previously thought. Dimits has proposed an algorithm based on the periodicity of discrete Fourier transforms that could help reduce the resolution requirements in the gyro uid code.
Next, we examine noise in the ux-tube gyrokinetic simulations, and address the possibility of nonconvergence with respect to particle number. Fig. (5) shows i vs. time from a particle number scan. The simulations are for di erent numbers of particles ranging from 5 10 5 to 1:34 10 8 , corresponding to 1 to 128 particles per grid cell. These simulations used a 128 128 32 (radial, poloidal, and parallel) grid, with nite-size particle ltering to smooth out elds with k i > 1= i , where i is the grid spacing in the i'th direction.] For 10 6 or more particles, i at late time does not appear to change signi cantly with particle number. The primary conclusion is therefore that i appears to be converged with respect to particle number for 2{4 or more particles per grid cell. There is some random variation in the late time-averaged i for the di erent cases. When these random variations in i (and somewhat larger random variations in the volume-averaged 2 ) were observed in initial convergence studies over a smaller range of particle number, they caused some people to worry that there might be convergence problems. But the particle number has now been varied over such a wide range, and the random variations in i are su ciently small and show no systematic dependence on particle number, that particle convergence does not appear to be a problem. This conclusion is made even more convincing by the scrambling tests described below. These random variations are presumably just due to the sensitive dependence on initial conditions of a chaotic system with long timescale dynamics (for example, interactions with low k modes or zonal ows). These small random variations should average out over longer times or multiple realizations. The somewhat larger variations in volume-averaged 2 are presumably due to similar e ects. The m = n = 0 zonal component of can have quite large amplitudes at small k r , but have little physical consequence because their resulting shearing rate / k 2 r k is very small.] There is also some increase in the level of the initial peak in i which persists even if the scan is done by increasing the initial weights (as the square root of the particle number) so as to keep the initial mean noise level xed. The 5 10 5 -particle case, which corresponds to one particle per grid cell, shows secular growth in i beyond Time = 700. This is probably due to a noise-driven runaway process in which the RMS average particle weight, related to the detailed f-particle entropy, increases with the time integral of i . The noise causes thermal transport ( i ), both of which increase together.
In order to further assess the impact of particle discreteness, the following scrambling test 63] of the noise level was performed. The gyrokinetic code was run saving restart les at selected times. New restart les were formed from these by scrambling the particle weight list. The gyrokinetic code was restarted from these scrambled restart les. After the restart, the temperature gradient was reduced to slightly below the linear marginally stable value in order to eliminate unstable ITG modes. The test was done using 8 10 6 particles in the simulation.
Once the gyrokinetic code has run in the nonlinear phase longer than a characteristic eddy turnover time, a typical simulation particle has moved from its initial position farther than a characteristic eddy radial scale. Eventually, simulation particles nearby in the (x; v k ; ) phase space have weights that have large uncorrelated components from which a physical density eld must be estimated. Physically this represents the failure of the particle representation to resolve f. The \worst-case" interpretation of this uncorrelated component is as \noise," although further work is needed to establish a clear interpretation. The scrambling of the particle weight list eliminates the physical signal, leaves a state with a similar level of the uncorrelated component to the pre-scrambling state, and therefore provides a measure of this uncorrelated component. The post-scrambling restarted simulations were run long enough for stable geodesic acoustic uctuations, which are present immediately after the scrambling, to damp. The resulting electrostatic potentials (or the shearing rates derived from them) provide measures of the uncorrelated component of the signal in the gyrokinetic simulation just prior to the scrambling. Fig. (6) are the time histories of i and the mean squared E B shearing rate (L Ti S=v ti ) 2 associated with the ux-surface-averaged electrostatic potential, both in the absence of scrambling and when the scrambling and gradient reduction is done at three times during the run. Both of these quantities decrease after the scrambling. The relative reduction is less the later the scrambling is done, indicating a gradual buildup of noise. However, even at the latest time, the post scrambling values are down by an order of magnitude. This indicates that the relative impact of noise is small (or at most moderate at the latest time), and supports the conclusion that the simulations are converged with respect to particle number. The noise shearing rate for 2 million particles (4 particles per cell) would be a factor of 4 larger than shown in Fig. 6 , and thus at late time would be comparable to the pre-scrambling signal. But much of that noise shearing is at high k r and uctuates rapidly in time, so it is less e ective than shearing by low k r modes 44] and can be ignored.
Shown in
The numerical convergence of the particle codes with respect to particles does seem to be sensitive to how close the system is to marginal stability, however. For values of R=L T somewhat lower than the Cyclone DIII-D base case value, but above the linear marginal value of 4.0 (e.g., R=L T = 5:3 and 6.0), after the linear growth and nonlinear saturation phases, the system evolves to stable states which have radially dependent ux-surface-averaged temperature gradients and E B ows. In these situations the radial thermal ux asymptotes to zero. As many as 64 particles per cell are needed to observe this for R=L T = 6:0. Evidently, the stable nonlinear states become quite delicate as a threshold value (larger than the linear critical value) of the volume averaged temperature gradient is approached from below.
SENSITIVITY OF PREDICTED TEMPERATURE PROFILES AND FUSION GAIN TO TRANSPORT MODEL VARIATIONS
The di erences between the i vs. R=L T curves for the ux-tube gyrokinetic code and the IFS/PPPL model in Fig.(3) can be characterized partly as a shift in R=L Te , which is a strictly linear value in the case of the IFS-PPPL model, and partly that i shows a more gradual increase as the critical gradient is exceeded in the case of the gyrokinetic model. It is important to note that these di erences cannot be characterized by a simple ratio, or multiplication factor. For example, lowering R=L T just a bit from 6.9 to 6 (where the gyrokinetic simulations vanish) causes the relative error to become a factor of in nity. Rather than compare the 's at a xed R=L T , one can instead turn Fig.(3) around and compare the predicted temperature gradient at a xed amount of heating power. This way of characterizing the gyro uid/gyrokinetic di erences is more relevant to experiments. When heating power is added to a plasma, the temperature gradient on every ux surface will rise until the resulting is large enough to balance the rate at which the plasma is being heated. The heat ux P is
where^ (R=L T ) is the normalized in the units of Fig.(3) as a function of R=L T . For any given amount of heating power P, with the other parameters in brackets xed, one can then solve this equation to nd the resulting temperature gradient R=L T vs. P. Carrying this out for the IFS-PPPL curve in Fig.(3) , and for the gyrokinetic ux-tube results in Fig.3 (and Eq. (1)), we then take the ratio of these two predicted temperature gradients. This ratio is plotted vs. P in Fig.(7) . Thus we see that the temperature gradient predicted by the IFS-PPPL model is only 20-33% lower than the temperature gradient predicted by the gyrokinetic simulations over a wide range of R=L T . (The fact that the predicted temperature gradient at xed heating power is less sensitive to errors than the predicted at xed temperature gradient is a consequence of the critical gradient feature of ITG turbulence.) Given the di culties of the plasma turbulence problem, a turbulence theory that predicts temperature gradients to within 20-30% can be considered a signi cant achievement in many ways. But the fusion reaction cross-section scales as T 2 , and the resulting fusion power feeds back to give more heating, so the performance of a fusion device at high gain (near ignition) becomes fairly sensitive to the transport. Thus one would like to have even higher accuracy in the transport model. Next we consider the sensitivity of predictions of fusion power performance to variations in the assumed transport model. The IFS-PPPL model is of the form
where W and R=L Tcrit are functions of various plasma parameters, G(x) = min(x; x 1=2 ) H(x), and H(x) is the Heaviside functions. In order to t the gyrokinetic ux-tube simulations shown in Fig.(3) , this was modi ed to be of the form of Eq.(1),
where R=L Te = R=L Tcrit + 2 is assumed, and the parameterizations of R=L Tcrit and W given by the IFS-PPPL model are used. While this ts Fig.(3) and matches Eq. (1) for the Cyclone DIII-D parameters, more detailed studies need to be carried out to develop a gyrokinetic-based model which has been tested over a wide range of parameters. For example, the nonlinear upshift in the e ective R=L Tcrit is probably not a constant value of 2 in reality and should depend on various parameters (such as collisionality, as demonstrated in recent gyrokinetic simulations 67]). But for now we will use these two equations, Eq. (3) and Eq. (4), to show the sensitivity of the predicted fusion power gain to variations in the transport model that are roughly of the magnitude represented by these two equations.
Another possible t to the gyrokinetic ux-tube simulations in Fig.(3) , which is not quite as good as Eq. (4) but is more easily compared with the IFS-PPPL model, is GK2 = 0:8WG(R=L T ? R=L Te ). This corresponds to a rescaling and a shifting of the IFS-PPPL model to an e ective critical gradient R=L Te = R=L Tcrit + 2. The resulting predictions are fairly similar to the predictions of Eq. (4) in Fig.(8) . Using R=L Te = 1:5R=L Tcrit would lead to slightly ( 10%) lower Q predictions. Fig.(8) shows the predicted fusion gain Q = P fusion =P aux vs. the boundary condition assumed for the temperature at the top the pedestal caused by the H-mode transport barrier. In present experiments the pedestal temperature can be much higher than the separatrix temperature at the last-closed ux surface, and the distinction between the two can be important.] Predictions are shown for the standard IFS-PPPL transport model, and the gyrokinetic-based version of this model given by Eq.(4). As described in Sec. 5, the 1994 form of the IFS-PPPL model 7] with R=L Tcrit shifted to 4.0 was used in Fig.(3) for a more consistent comparison with adiabatic-electron ITG simulations in a simpli ed s ? geometry. The calculations of Fig.(8) ? 1)q=3:6) 2 ). The e ects of elongation and shaping will be discussed below in more detail. Equilibriumscale sheared ows, which are thought to get weaker in larger tokamaks, are neglected.
The calculations in Fig.(8) were done with a standard type of transport code; similar ITER-related calculations can be found in Refs. 25, 6, 3, 5, 4] . The plasma parameters used here are taken from the baseline scenario in use for the design of ITER circa 1996: major radius R = 8:14 m, midplane minor radius a = 2:8 m, elongation 95 = 1:6, magnetic eld B tor = 5:68 Tesla, plasma current I p = 21 MA, P aux = 100 MW of auxiliary heating (assumed to be centrally deposited with a Gaussian half-width of r=a = 0:1, all deposited in the ions to maximize Ti/Te). Beryllium impurities with n Be =n e = 0:02 were assumed, and n He =n e was determined by p He = E = 10. The q pro le was chosen so that q on axis is 0.8 (lowering the central q below 1 is favorable in this transport model), and the midplane radius of the q = 1 surface was r=a = 0:43. Sawteeth are ignored. Neoclassical ion transport is included but has little e ect, and any other transport mechanisms that are sometimes thought to play a role at high or near the edge of the plasma are neglected.
As in the 1996 ITER baseline scenario, a at density pro le is assumed with n e = 1:3 10 20 =m 3 , corresponding to 1.5 times the Greenwald density limit. Because of uncertainties about whether ITER could operate at such a high density, later ITER designs considered lower density operating points, and the e ects of lowering n e to 1:1 10 20 =m 3 are shown in Fig.(8) , though still corresponding to 1.3 times the Greenwald limit.
As seen in Fig.(8) , at xed pedestal temperature, the gyrokinetic-based model achieves signi cantly higher Q than the original gyro uid-based model. However, the results are still sensitive to the assumed pedestal temperature, which is fairly uncertain and could be less than 1.5 keV. A complete discussion of the current status of pedestal temperature studies is outside the scope of this paper. Some experiments nd that the H-mode pedestal width scales linearly with the (poloidal) gyroradius (which give pessimistic scalings to larger devices), while other experiments nd scalings weakly dependent on or independent of gyroradius (which could give more optimistic scalings to larger devices). Some conventional theoretical models of H-mode pedestal scaling (such as Refs. 64, 65] ) give pedestal widths proportional to the gyroradius , consistent with some of the experiments, while other models give a 2=3 R 1=3 or weaker scaling. The linear models tend to predict very low pedestal temperatures when extrapolated to regimes of high density relative to the Greenwald density limit (less than a keV for the earlier 1996 ITER baseline scenario). As stated in one review, 66] \While, given the present state of knowledge, we cannot provide a reliable estimate of the pedestal parameters in ITER . . . , a pedestal temperature less than 1500 eV, perhaps much less, is a distinct possibility." On the other hand, there are uncertainties both ways, and there is a possibility that the pedestal temperature could be su ciently high. The physics of the edge transport barrier is very complicated (involving, for example, recycling, open and closed eld lines, bootstrap currents, etc., and possibly the favorable e ects of sedond stability or electromagnetic-drift turbulence), and a number of theories and simulations of it are under active investigation. It may be possible to eventually develop a better understanding of the H-mode pedestal scalings, and understand why experiments observe di erent scalings in different regimes. Also, there may be various methods to improve the temperature at the pedestal or deeper into the plasma, methods such as pellet fuelling, RF waves or low voltage beams to drive sheared ows, or stronger plasma shaping. Indeed, some of the new ITER-RC designs which are presently under consideration have signi cantly stronger plasma shaping (higher elongation and triangularity) and may have much higher pedestal temperatures than the earlier 1996 ITER design.
?? GWH: still need to work on the last couple of paragraphs of this section: Besides the pedestal temperature issue, there are a number of other uncertainties in the turbulence simulations that need further investigation. Electromagnetic e ects, plasma shaping, and plasma-generated sheared ows can have signi cant stabilizing in uences in some cases. There are a range of semi-empirical or theory-based transport models that are less sti (and thus less sensitive to the assumed pedestal temperature) than the original IFS-PPPL model or even than the gyrokinetic variant of Eq. (4) , and yet achieve similar levels of comparisons with steady-state measurements. There is general evidence for critical-gradient types of transport models (it helps explain experimental sensitivity to edge conditions such as wall recycling and H-mode transport barriers, and the possibility of fast transient dynamics).
Brie y describe the possible role of plasma shaping. Bateman MMM assumed / 1=kappa 4 , as reasonably suggested by empirical scalings ... Preliminary gyro uid simulations did not see much elongation dependence at moderate values of elongation ( < 1:6) typical of the original ITER design, but at very high elongation and triangularity and high Shafranov shift (high ), there may be a transition to a regime of signi cantly improved con nement. Co-linearities suggest that other things, like edge parameters and rotation, are correlated with kappa and may cause the dependence.
SUMMARY AND DISCUSSION
?? GWH: still need to work on the nal section, and nish cleaning up the references.
The ion thermal transport rates from the IFS-PPPL model and the gyro uid simulations are about 3.3 times higher than gyrokinetic ux-tube simulations for the Cyclone DIII-D parameters, which are typical of (at least the local) parameters anticipated in the ITER core. The scaling of transport with the departure of the temperature gradient from the marginal value is di erent as well. IFS-PPPL and gyro uid results are sti er than Weiland and gyrokinetic results, that is, show a steeper increase in transport going above threshold. Global gyrokinetics show yet lower transport levels, but are still limited to values of =a lower than the regime of ITER. It would be interesting to undertake a =a scan about the DIII-D base parameter set. Such a scan is probably now possible, even if not to ITER-like values. The Weiland model gives transport levels in the same range as the ux-tube gyrokinetic results for these parameters. It is interesting that the Weiland model agrees better with gyrokinetic simulations, since the Weiland model is based on a simpler uid theory than the gyro uid model.
The elongation scaling is an important issue for determining the implications for ITER. The comparisons so far have been circular. There are signi cant di erences in the transport models regarding elongation when scaled to ITER plasmas. The Multi-Mode model has an empirical elongation scaling based on experimental data for the scaling of the con nement time with the current, scaling as ?4 , where is the elongation parameter. IFS-PPPL has a much weaker elongation dependence based on linear gyrokinetic and nonlinear gyro uid calculations. As stated previously, all of the Cyclone cases presented in this paper have circular ux-surface geometry ( =1.0). Given the constraints on the models described, the predictions for ITG transport in an ITER plasma based on extrapolations from the gyrokinetic simulations and the Weiland model are less pessimistic than the IFS-PPPL model predictions based on gyro uid simulations.
It is also interesting to note that the gyrokinetic simulations give transport values less than the experimental value for the NTTP (TFTR) base case, but larger than the experimental value for the Cyclone DIII-D parameters. Some of this di erence may be attributable to incomplete physics in the test cases we have we have used here for comparison purposes. Equilibrium plasma ows, electrons, impurities and realistic equilibria are certain to have a substantial impact on the simulation predictions. The gyro uid simulation predictions are larger than the gyrokinetic predictions for both cases.
Note that while the error in i appears large for both TFTR and DIII-D base cases, the error in the resulting predicted rT i is less, 20-33%. A primary result of this paper is that detailed noise and other tests have been carried out for the nonlinear gyrokinetic particle simulations and so, they appear to be correct. Considerable progress has been made in developing modi cations to gyro uid closures which have both made them agree more closely with the nonlinear gyrokinetic simulations, and have served to further isolate the di erences. It is important to note also that the present gyrokinetic/gyro uid comparisons have been done in a simpli ed case of collisionless electrostatic ITG turbulence with adiabatic electrons. Additional physics has potential to reduce the di erences. Recent gyrokinetic simulations 67] indicate that collisions can reduce the di erences near marginal stability by damping the zonal ows. Non-adiabatic electrons may reduce the di erences by limiting any inversecascade driving long-wavelength zonal ows via the \i E B" nonlinearity, 68, 69] and because they alter the linear critical gradient and soften the turn on of the in-stability above this gradient. Nonadiabatic electron e ects may push the plasma into stronger-turbulence regimes where GF/GK di erences are less important. Possible future tasks that may shed more light on the di erences include more detailed comparisons between codes of uctuation data, and the poloidal ow dynamics. More complete scans of r=a with the global codes with the same toroidal resolution as for the ux-tube codes will be of great interest as such scans become possible. Further comparisons which systematically remove the simpli cations made in the comparisons made here, including shaped equilibria, equilibrium-scale sheared ows, nonadiabatic electrons, and beam and impurity species are also essential to making quantitative assessments of di erences in predictions of ITER performance between the models. Work is also under way to design experiments that the turbulence simulations can model with more certainty. 7) The ratio of the temperature gradient predicted by the IFS-PPPL model in Fig.(3) , to the temperature gradient predicted by the gyrokinetic ux-tube simulations of Fib. (3) . Thus the gyro uid/gyrokinetic di erences in Fig.(3) correspond to only a 20-33% di erence in the predicted temperature gradient. IFS-PPPL, n e =1.5 n GW GK fit, n e =1.5 n GW GK fit, n e =1.3 n GW Fig. (8) The predicted fusion gain Q vs. assumed pedestal temperature, for the IFS-PPPL 95 model and for a modi ed model to t the gyrokinetic ux-tube results of Fig.3 (at two densities, n e = 1:5n Greenwald and n e = 1:3n Greenwald ).
